The interaction between dengue virus (DENV) and vector mosquitoes are still poorly understood at present. In this study, 2-D DIGE combined with MS was used to analyze the differential proteomes of Aedes albopictus salivary gland, midgut and C6/36 cells induced by DENV-2. Our results indicated that the virus infection regulated several functional classes of proteins. Among them, 26 were successfully analyzed by real-time RT-PCR. The mRNA levels of 15 were the highest in salivary gland, 2 in midgut and none in C6/36 cells, however, 18 were the least in fat body compared to other organs. Interestingly, the changes of differential proteins mRNA were the most obvious in fat body post-infection. Chaperone, cytoskeleton and energy metabolism enzyme were the most down-or up-regulated proteins after DENV-2 infection. The abundant expression of these proteins in salivary gland may relate to its high susceptibility.
Introduction
Dengue is now one of the most serious public health problems in the world, especially in tropical and subtropical regions. Dengue virus infection could cause dengue fever (DF) and more severe dengue hemorrhagic fever (DHF) and dengue shock syndrome (DSS). It is a mosquito-borne arbovirus, and both Aedes aegypti and Aedes albopictus are important vectors of dengue virus in the world (Guzman and Kouri, 2002; Wilder-Smith and Schwartz, 2005) . With the global warming, increase in human population, uncontrolled urbanization and international travel, DF has been spread and the cases have been increasing year after year (Kyle and Harris, 2008; Rigau-Perez et al., 1998; Wilder-Smith and Schwartz, 2005) . In the absence of effective vaccine and drugs, vector control is still the only important prevention measure.
In recent years, differential proteomics has been used to study the interaction between DENV and host cells. For example, there were reports about differential proteins of HepG2 cells (Higa et al., 2008; Pattanakitsakul et al., 2007) and human endothelial cells (Kanlaya et al., 2009 Pattanakitsakul et al., 2010) induced by DENV infection. These studies found some differential proteins that may play important roles in DENV infection and deepened our understanding of the pathogenesis of the virus infection. So far, little has been reported about differential proteomics of vector mosquitoes induced by DENV infection. There were only two documents that reported the differential proteins of Ae. aegypti midgut induced by DENV-2 (Tchankouo-Nguetcheu et al., 2010) and Ae. albopictus C6/36 cells induced by DENV-1 and -3 . Due to the lack of such studies, the knowledge about the molecular process of DENV infection is still very poor.
The salivary gland and midgut of mosquitoes have particularly important roles in the transmission of DENV (Chauhan et al., 2012; Juhn et al., 2011; Luplertlop et al., 2011; Sim et al., 2012; Tchankouo-Nguetcheu et al., 2010) . First, DENV must infect mosquitoes gut cells through an infectious blood meal. Then it crosses the gut epithelium into the hemolymph to reach the salivary glands. Subsequently, along with mosquito saliva, it is inoculated into a vertebrate host to recommence its replicative cycle. The susceptibility of these two organs to DENV infection is significantly different (Linthicum et al., 1996; Salazar et al., 2007; Zhang et al., 2010) . Virus receptors existence on cell surface are considered to play an important role in determination on tropisms of virus infection (Baranowski et al., 2001; Smith and Enquist, 2002) . However, this is just a speculation and the molecular mechanism of the tropism is still unknown. To observe which proteins are involved in the process of DENV-2 infection and to analyze the molecular mechanism of tissue tropisms of the virus infection in Ae. albopictus, in this study we select Ae. albopictus salivary gland in which the relative DENV-2 RNA level is the highest and midgut in which the relative DENV-2 RNA level is relative low and use 2-D Fluorescence Difference Gel Electrophoresis (DIGE) combined with Mass Spectrometry (MS) to analyze the differential proteins of both organs induced by DENV-2 infection. Another, we found that the appearance of cytopathic effect (CPE) of Ae. albopictus C6/36 cells induced by DENV-2 was quick and significant, and serious apoptosis was observed during late time post-infection. Why the effects of DENV-2 infection between Ae. albopictus organs and C6/36 cells were so different? Therefore, in this study we also select C6/36 cells as a model to analyze differential proteomics induced by DENV-2 infection.
Results

DIGE analysis of differential proteins of Ae. albopictus after DENV-2 infection
2D DIGE was performed in this study, to identify the differential proteins of Ae. albopictus involved in DENV-2 infection. After DIGE, fluorescent images of the Cy2, Cy3 and Cy5 of each gel were individually imaged and analyzed using DeCyder 6.5 software. Our results indicated that there had 65, 23 and 29 protein spots whose expression levels were significantly altered in salivary glands, midguts and C6/36 cells, respectively, after DENV-2 infection. Among them, 26, 21 and 9 spots were down-regulation, whereas 39, 2 and 20 spots were up-regulation (│ratio DENV-2/mock │≥1.5) in DENV-2 infected versus mock-infected salivary glands, midguts and C6/36 cells, respectively.
Identification of differential proteins after DENV-2 infection
After DIGE analysis, differential protein spots were excised from these 2-DE gels, subjected to in-gel tryptic digestion and identified by MALDI-TOF/TOF Mass Spectrometry analysis. A total of 20, 10 and 12 protein spots were successfully identified in salivary glands, midguts and C6/36 cells, respectively (Fig. 1) . The 20 protein spots of salivary gland, which corresponding to 12 proteins, could be divided into chaperone, immune response, cytoskeleton, energy metabolism, translation and transcription related protein and fatty acids metabolism enzyme ( Fig. 1a and Table 1 ). The 10 protein spots of midgut, which corresponding to 8 proteins, could be divided into: chaperone, cytoskeleton, energy metabolism related enzyme and multifunctional protein (Fig. 1b and Table 2 ). The 12 protein spots of C6/36 cells, which corresponding to 12 proteins, could be divided into energy metabolism enzyme, amino acids metabolism enzyme, translation related protein, cytoskeleton, structural protein and antioxidant protein ( Fig. 1c and Table 3 ). Some proteins were detected in more than one spot, such as spots 578, 614, 624, 712 and 680 of salivary gland; they were all corresponded to serine protease inhibitor (serpin, Srp) with up-regulation for three of them (spots 578, 614 and 624) and down-regulation for two of them (spots 680 and 712). These results suggested the existence of different isoforms or post-translational modifications for these proteins.
Tissue distributions of differential proteins mRNA in Ae. albopictus
Within differential proteins successfully indentified by MS, except for serpin (Srp), actin (Act), 34k-2, 62k-2 and 62k-3, the mRNA sequences of others were still unknown. Degenerate primers were designed according to conserved amino acid sequence and PCR was conducted (Table S1 ). Partial mRNA sequences of differential proteins were obtained by sequencing except for NADH dehydrogenase, ribosomal protein 2A, Histone 2B and peroxiredoxins. Specific primers for qRT-PCR were designed according to the obtained partial mRNA sequences (Table S2) .
In this part, the relative mRNA levels were expressed as percentages of the relative mRNA expression of differential proteins (mRNA of differential proteins/rpS7 mRNA) in one organ to the other organ that has the highest relative mRNA expression. The relative mRNA level was assigned a value of 100% in one organ when it was the highest in the organ.
Our results indicated that the mRNA expressions of differential proteins were the most abundant in salivary gland (Fig. 2) . Among 26 differential proteins that have been successfully analyzed by qRT-PCR, the relative mRNA levels of 15 were the highest in salivary gland including 5 that were specifically transcribed in the organ. There were only 2 differential proteins that had the highest mRNA level in midgut and none in C6/36 cells, and the mRNA expressions of differential proteins were the least abundant in fat body.
Transcriptional profiles of differential proteins during DENV-2 infection in Ae. albopictus salivary gland, midgut and C6/36 cells The fold changes of relative mRNA levels of differential proteins in salivary gland, midgut and C6/36 cells were analyzed by qRT-PCR at different times after DENV-2 infection.
In salivary gland, only 62k-2, 62k-3, calreticulin (Crt) and Act were significantly changed and up-regulated at 8 days postinfection (Fig. 3a) . Among them, the fold changes of 62k-2 and 62k-3 were similar to the change patterns of their corresponding proteins in differential proteomics (Table 1, Figs. 1 and 3a) . The fold change of Act at 8 days was up-regulated; however, the results of differential proteomics found two protein spots of Act with opposite expression patterns. Because of the existence of different isoforms, our results indicated that DENV-2 infection may Fig. 1 . 2D DIGE gel images of DENV-2-and mock-infected Aedes albopictus salivary gland (a), midgut (b) and C6/36 cells (c). Fifty microgram proteins from DENV-2-, mockinfected samples and internal standards were labeled with Cy5 (red), Cy3 (green) and Cy2 (blue), respectively, and were mixed and separated on a 2D DIGE gel. Red spots represented up-regulated proteins and green spots down-regulated proteins after DENV-2 infection. Marked spots indicated the differential proteins successfully identified by MS analysis and corresponded to the proteins listed in Tables 1-3. selectively induce the up-regulation of one type of Act isoforms. The fold change of Crt at 8 days was also up-regulated and this was opposite to the protein expression patterns in differential proteomics. This indicated that the fold change in protein expression of Crt was mainly in the level of translation and post-translation modification. The differences at fold change of 62k-3, Crt, Act and alpha-tubulin (α-Tub) were significant in salivary gland between different times post-infection.
In midgut, only Hsp70 and 14-3-3 were significantly changed at 8 days post-infection and both were down-regulated, and this is similar to the change patterns of their corresponding proteins in differential proteomics (Table 2, Figs. 1 and 3b) . The fold changes of Hsp70, protein disulfide isomerase (Pdi), heat shock cognate 70 (Hsc70), and Act had significant differences between time points post-infection in midgut. In C6/36 cells, only malic enzyme (Mal) had significant difference between time points, and it was slightly down-regulated at 12 and 24 hs but significantly up-regulated at 48 h post-infection (Fig. 3c ). Other 7 proteins had only slight down-or up-regulation in the mRNA abundance and there had no significant differences between different times post-infection.
Transcriptional profiles of differential proteins during DENV-2 infection in Ae. albopictus fat body
Insect fat body is the center of intermediate metabolism and powerful secretory organs responsible for the production of most immune-defense factors (Raikhel et al., 1997) . Our previous study found that the relative DENV-2 RNA level in fat body was far less than in salivary gland . So, the fold changes of relative mRNA level of differential proteins in fat body after DENV-2 infection were also analyzed by qRT-PCR (Fig. 4) .
Among 19 differential proteins which were successfully analyzed by qRT-PCR in fat body, Hsp70, translation elongation factor 2 (Tef) and Mal were down-regulated at one or more time points post-infection, other 16 proteins were all up-regulated at different time points; and except for Tef and ebna2 binding protein (Ebp), which had only slight down-or up-regulation, other 17 proteins had significant changes with more than 1.5-fold at least at one of three time points. Among these proteins, Act were significantly up-regulated at all three time points with changes more than 3-fold at 20 and 30 days, a-Tub were significantly up-regulated at 20 and 30 days with changes more than 5-fold. The fold change of a-Tub was the most one in all differential proteins analyzed by qRT-PCR. Mal was the only differential protein in fat body that had significant down-regulation in mRNA abundance after DENV-2 infection with change more than 1.5-fold at 20 days.
Comparative analysis of fold changes in mRNA abundance of differential proteins during DENV-2 infection in Ae. albopictus organs and C6/36 cells For comparing the fold changes in mRNA abundance of differential proteins in Ae. albopictus salivary gland, midgut, fat body and C6/36 cells after DENV-2 infection, chaperone (Hsp70 and Fig. 2 . Relative mRNA levels of differential proteins in Ae. albopictus organs and C6/36 cells. Ten adult female mosquitoes were collected at 3-5 days after eclosion and different tissues (brain, fat body, midgut, ovary, malpighian tubes and salivary gland) were dissected. C6/36 cells were sampled at 90% confluency. mRNA expressions of differential proteins were quantified using qRT-PCR and normalized to ribosomal protein 7 (rpS7) mRNA levels. Results were expressed as percent of maximum levels recorded. Data are represented as mean 7 standard error of three independent experiments. The mRNA expressions of differential proteins were the most abundant in salivary gland and the least in fat body. Abbreviations: Srp, serpin; Crt, calreticulin; Act, actin; a-Tub, alpha-tubulin; ATPa, ATPase; ATPs, ATP synthase; Ebp, Ebna2 binding protein; Inos, Myo-inositol-1-phosphate synthase; Fkbp, fk506-binding protein; Hsc70, heat shock cognate 70; Hsp70, heat shock protein 70; Pdi, protein disulfide isomerase 1; Eno, enolase; Aco, aconitase; Idh, isocitrate dehydrogenase; Mal, malic enzyme; Lys, lysine ketoglutarate reductase; Glu, glutamine synthetase; Tef, translation elongation factor 2; Rbp, ribosomal protein 2A; b-Tub, beta-tubulin ( # beta-tubulin did not be successfully analyzed in C6/36 cells by qRT-PCR).
Pdi), cytoskeleton (Act and α-Tub) and energy metabolism enzyme (aconitase and enolase) were selected for analyzing by qRT-PCR. The results were shown in Fig. 5 . We found that the transcriptional profiles of several differential proteins were consistent with the virus RNA replication profiles including Hsp70 in salivary gland, fat body and C6/36 cells, Pdi in midgut and C6/36 cells, Act in midgut and fat body, α-Tub in salivary gland and fat body, aconitase (Aco) in salivary gland and midgut, and enolase (Eno) in fat body (Figs. 5 and S1 ). However, the transcriptional profiles of Hsp70 in midgut, Pdi in fat body, Act in salivary gland and C6/36 cells, and Aco in fat body were different from the virus RNA replication profiles. Another, the transcriptional profiles of Pdi in salivary gland, α-Tub in midgut and C6/36 cells, Aco in fat body and C6/36 cells, and Eno in salivary gland, midgut and C6/36 cells had only slight down-or up-regulation in the mRNA abundance and there had no significant differences between time points post-infection.
Discussion
Recently, increasing attentions have been focused on the interaction between DENV and mosquitoes. However, there are still very few studies that have been performed to analyze this interaction using proteomics methods (Patramool et al., 2012) . In this study, 2D DIGE combined with MS was used to analyze the differential proteomes of Ae. albopictus salivary gland, midgut and C6/36 cells induced by DENV-2 infection. Our results indicated that the differential proteins belonged to cytoskeleton, chaperone and energy metabolism enzyme were the most down-or upregulation in protein and/or mRNA levels in Ae. albopictus organs and C6/36 cells after DENV-2 infection.
The viral genome of flavivirus needs to transfer to the specific area of a host cell for replication, transcription and translation, and mature virions also need to be transferred to the plasma membrane and released by exocytosis. For many viruses, cytoskeleton, especially actin and tubulin, are involved in the transportation of virion in a host cell in the process of virus entry and egress (Dohner et al., 2005; Greber and Way, 2006; Ploubidou and Way, 2001; Radtke et al., 2006; Smith and Enquist, 2002; Sodeik, 2000) . Studies reported previously showed that both actin and tubulin of Ae. aegypti were DENV-2 binding proteins (Paingankar et al., 2010) and that destruction the actin microfilaments of C6/36 (Acosta et al., 2008) and ECV304 (Wang et al., 2010) cells could significantly inhibited the entry of DENV-2. Our qRT-PCR analysis indicated that the mRNA abundance of actin in salivary gland and C6/36 cells were significantly up-regulated at 8 days after DENV-2 infection and then rapidly decreased (Fig. 5) . These results suggested that Act may also be involved in the entry of DENV-2 infection in Ae. albopictus organs.
There were two protein spots of α-Tub identified in salivary gland in this study that were both up-regulated after DENV-2 infection and the change of protein abundance of α-Tub was the Fig. 3 . Fold changes of differential proteins mRNA in Ae. albopictus salivary gland (A), midgut (B) and C6/36 cells (C) after DENV-2 infection. Ten adult female mosquitoes were dissected and C6/36 cells were sampled at each time point post-infection. The mRNA expressions of differential proteins were quantified using qRT-PCR and normalized to ribosomal protein 7 (rpS7) mRNA levels. Ratios of the normalized mRNA expressions of differential proteins of DENV-2-infected samples were relative to that of mockinfected samples. Data are represented as mean7 standard error of three independent experiments. Statistical comparison between time points was done by one-way ANOVA with Turkey's multiple comparison test ( n fold change≥1.5, Po 0.05, nn Po 0.01). Only 62k-2 and 62k-3 in salivary gland, and Hsp70 and 14-3-3 in midgut were significantly changed at 8 days post-infection, and were corresponding to the results of differential proteomics. most significant one among the differential proteins identified in the organ (Fig. 1 and Table 1 ). The results of qRT-PCR indicated that the changes of α-Tub mRNA in salivary gland was consistent with the RNA replication profiles of DENV-2 and this was different from the transcriptional profiles of Act post-infection (Figs. 5 and S1 ).
Chen and others found that in the infection of ECV304 cells by . Expression profiles of differential proteins mRNA in Ae. albopictus salivary gland, midgut, fat body and C6/36 after DENV-2 infection. Ten adult female mosquitoes were dissected and C6/36 cells were sampled at each time point post-infection. The mRNA expressions of differential proteins were quantified using qRT-PCR and normalized to ribosomal protein 7 (rpS7) mRNA levels. Ratios of the normalized mRNA expressions of differential proteins of DENV-2-infected samples were relative to that of mockinfected samples. Data are represented as mean 7 standard error of three independent experiments. Statistical comparison between time points was done by one-way ANOVA with Turkey's multiple comparison test ( n fold change≥1.5, nn fold change≥3, nnn fold change≥5, n P o0.05, nn P o0.01). The transcriptional profiles of several differential proteins were consistent with DENV-2 RNA replication profiles including Hsp70 in salivary gland, fat body and C6/36 cells, Pdi in midgut and C6/36 cells, Act in midgut and fat body, α-Tub in salivary gland and fat body, aconitase (Aco) in salivary gland and midgut, and enolase (Eno) in fat body (Fig. S1 ).
DENV-2, microtubules might be important for virus release but not for virus infection (Chen et al., 2008) . These results implied that in the process of DENV-2 infection in Ae. albopictus, α-Tub may be involved in virus egress and/or virus replication in host cells.
From Fig. 5 , we found that the changes of Act and α-Tub mRNA abundance were most significant in fat body after DENV-2 infection with fold changes more than 3.5 and 5.0, respectively, at 20 and 30 days. However, the relative mRNA levels of Act and α-Tub in fat body were significant less than in other organs and C6/36 cells (Fig. 2a) . Our results indicated that, similar to in salivary gland, there also existed active virus replication and proliferation in fat body and thus induced the significant changes of Act and α-Tub expression.
When successfully infected in host cells, virus will synthesize massive structural and non-structural proteins, and induce the changes of expression patterns of related cellular proteins. The maturation of these proteins needs the participation of molecular chaperones. In this study, a total of six differential proteins, five in midgut (including Hsp70, Pdi, Hsc70, Fkbp and 14-3-3) and one in salivary gland (Crt), with the function of molecular chaperone, were identified by proteomics analysis at 8 days after DENV-2 infection and they were all down-regulated (Fig. 1, Tables 1 and 2 ).
Molecular chaperons were considered to be important for virus infection and involved in replication, transcription, translation and virion assembly (Sullivan and Pipas, 2001) . Studies reported previously found that, when molecular chaperones of Hsp70 protein families were silenced by RNAi (Limjindaporn et al., 2009; Padwad et al., 2010) or destroyed by toxin (Wati et al., 2009) , virus replication and proliferation in host cells will be significantly inhibited. Our qRT-PCR results showed that in salivary gland, fat body and C6/36 cells, the transcriptional profiles of Hsp70 were consistent with the virus RNA replication profiles (Fig. 5) . Therefore, more work need to be done to explore whether Hsp70 also act as a molecular chaperon in Ae. albopcitus after DENV-2 infection. In this study, the change of Hsp70 mRNA was the most in C6/36 post-infection, and it was all up-regulated and peaked at 48 h with fold change more than 3 (Figs. 5 and S1 ). This was similar to the result reported by Chen et al. (2011) . In addition, in our study when C6/36 cells were infected by DENV-2, the cytopathic effect (CPE) of the cells cultured at 37 1C will appeared earlier than cultured at 28 1C (data not show). Elevated expression of heat shock proteins in host cells after virus infection was considered to support increased CPE induced by infection (Vasconcelos et al., 1998) . Chavez-Salinas et al. (2008) found that dengue virus infectivity was significantly increased in U937 cells that treated with heat shock. Combining these results we speculated that the up-regulation of Hsp70 in C6/36 cells after DENV-2 infection may be related to the quick appearance of CPE.
Our qRT-PCR results indicated that the transcriptional profiles of Hsp70 in midgut and Pdi in fat body after DENV-2 infection were not consistent with the virus RNA replication profiles. This is different from the transcriptional profiles of Hsp70 and Pdi in other organs and C6/36 cells. Meanwhile, from Fig. 4 we found that the transcriptional profiles of Fkbp, Pdi and Hsc70 were different from the transcriptional profiles of Hsp70 and 14-3-3 in fat body after DENV-2 infection. These results indicated that not only the same molecular chaperone had different functions in different Ae. albopictus organs during DENV-2 infection, but also different molecular chaperones had different functions in the same organ.
Viruses rely on the metabolic network of their cellular hosts to provide energy and building blocks for viral replication (Coroadinha et al., 2006; El-Bacha et al., 2004; Munger et al., 2006 Munger et al., , 2008 . In this study, a total of 7 differential proteins related to energy metabolism including glycolysis (enolase), tricarboxylic acid cycle (aconitase, isocitrate dehydrogenase and malic enzyme) and oxidative phosphorylation (ATP synthase, ATPase and NADH dehydrogenase) were indentified in salivary gland, midgut and C6/36 cells by 2D DIGE combining MS after DENV-2 infection (Fig. 1, Tables 1-3 ). Subsequent qRT-PCR analysis showed that the mRNA levels of these enzymes were also changed after DENV-2 infection, especially in fat body (Figs. 3-5) . These results suggested that the infection of DENV-2 induced the extensive change of energy metabolism in Ae. albopictus organs. This is consistent with the results reported by TchankouoNguetcheu et al. (2010) . The above enzymes maybe also have some other functions in the virus infection. Studies reported previously found that Eno could stimulate mRNA synthesis of sendai virus (Ogino et al., 2001) , Aco could bind to genomic RNA of mouse hepatitis virus Leibowitz, 2001a, 2001b) , and Idh and Mal could protect host cells against oxidative stress (Kim et al., 2007a (Kim et al., , 2007b Lee et al., 2007 Lee et al., , 2010 Mailloux et al., 2007; Singh et al., 2008) . However, a lot of work needs to be done for exploring whether these functions are also involved in DENV-2 infection.
Tropisms of dengue viruses in mosquito organs are different (Chen et al., 1993; Kuberski, 1979; Linthicum et al., 1996; Salazar et al., 2007; Sriurairatna and Bhamarapravati, 1977) . Our previous study also found that the distributions of DENV-2 RNA in Ae. albopictus organs are significantly different and that at late stage of infection the relative DENV-2 RNA level was the highest in salivary gland . Among 26 differential proteins successfully analyzed by qRT-PCR in this study, the relative mRNA levels of 15 were the highest in salivary gland including 5 that were specifically transcribed in the organ (Fig. 2) . It is not clear whether this is related to the high susceptibility of salivary gland to DENV-2 infection. In-depth studies about the functions of these differential proteins may give insight into the problem.
Among 5 salivary gland-specific proteins, 34k-2, 62k-2 and 62k-3 are Aedes mosquitoes-specific proteins (Arca et al., 2007) and there have no reports about the functions of these proteins. Our results showed that 62k-2 and 62k-3 were significantly upregulated at both mRNA and protein levels in salivary gland at 8 days post-infection and were slightly down-regulated in mRNA levels at 20 and 30 days post-infection (Table 1, Figs. 1 and 3a) . This suggested that these two proteins may be involved in the early stage of DENV-2 infection. Serine protease inhibitor (serpin, Srp) is an immune-responsive protein of mosquitoes and mainly involved in melanization of mosquito innate immune response (Abraham et al., 2005; Danielli et al., 2003; Zou et al., 2010) . However, it is not clear whether Srp also act as an immuneresponsive factor of Ae. albopictus after DENV-2 infection.
Except for 5 salivary gland-specific proteins, Fkbp, Idh and Mal, the relative mRNA levels of other 18 proteins were the least in fat body (Fig. 2) . Our previous study indicated that the relative DENV-2 RNA level in fat body was far less than in salivary gland postinfection ). Therefore, the low level of DENV-2 replication in fat body may be related to the low expression levels of these differential proteins in the organ.
Both Ae. aegypti and Ae. albopictus are important vectors of dengue virus in the world (Guzman and Kouri, 2002; Wilder-Smith and Schwartz, 2005) . Recently, the differential proteins/transcripts of vector mosquitoes induced by DENV infection have been paid more and more attentions, especially to Ae. aegypti-DENV-2 interactions (Bonizzoni et al., 2012; Chen et al., 2011; Colpitts et al., 2011; Luplertlop et al., 2011; Patramool et al., 2011; Sim and Dimopoulos, 2010; Sim et al., 2012; Tchankouo-Nguetcheu et al., 2010; Xi et al., 2008) . Combing these results we found that the vast majority of differential proteins of our study were also reported by others either at protein or transcript levels or at both (Table S3) . About differential proteins, the regulation module of Pdi and 14-3-3 in midgut, and Eno, Glu and Aco in C6/36 cells of our study were identical to homologous proteins in Ae. aegypti midgut. From Table S3 we found that, at transcript level, because of the different sampling time and organs selected by these reports it is difficult to compare the function of these genes during DENV infection between Aedes aegypti and Ae. albopictus. However, due to the high homology of amino acid sequences of these differential proteins between Ae. albopictus and Ae. aegypti, and because most of them were regulated by DENV infection in both mosquitoes, we speculated that there had high conservation of response between these two mosquitoes to DENV infection.
In summary, our results showed that a variety of proteins were changed in this virus-host interaction. Among them, chaperone, cytoskeleton and energy metabolism enzyme were the most down-or up-regulated in protein and/or mRNA levels. Specific expressions of some proteins and high expression levels of others in salivary gland may cause high susceptibility of this organ to DENV-2 infection. However, a lot of work needs to be done for further understanding the role of these proteins in the process of dengue virus infection.
Materials and methods
Ae. albopictus rearing and cell culture maintenance Ae. albopictus mosquitoes of the Guangzhou strains used in this study were reared at 27 71 1C and 8075% relative humidity with 16-hour:8-hour (light:dark) photoperiod and adult mosquitoes were provided with 10% glucose solution. Ae. albopictus C6/36 cells were grown at 28 1C in Dulbecco's modified Eagle's medium (Gibco, New York, NY ) with 10% heat-inactivated fetal calf serum (ExCell, Shanghai, China) and 1% penicillin/streptomycin (Gibco).
DENV-2 infection
Three-to five-day old adult female Ae. albopictus were immobilized by cold anaesthetization at −20 1C for 2 min and 0.2 μL DENV-2 of the New Guinea C strain (TCID50 to be 1 Â 10 7.67 mL −1 ) was inoculated intrathoracically by a glass needle according to the method described by Rosen and Gubler (1974) . The inoculated mosquitoes were reared separately under the conditions mentioned above. C6/36 cells grown on 25-cm 2 flasks at 90% confluence were inoculated with 0.3 mL aliquots of the virus stock as above and incubated at 37 1C with 5% CO 2 . Mosquitoes and C6/36 cells inoculated with 2% DMEM were sampled as negative control.
Mosquito dissection and cell culture collection
At 8-days post-inoculation, groups of 250 mosquitoes were sampled for dissection. Mosquitoes were collected, anesthetized and dissected in a drop of cold phosphate buffered saline (PBS). Salivary glands and midguts were dissected and collected in separate 1.5-mL microcentrifuge tubes. C6/36 cells were collected at 24-hours post-inoculation when the CPE of virus infection began. Samples were washed three times with cold PBS to remove contamination and kept at −80 1C until use.
Protein sample preparation DENV-2 infected and 2% DMEM inoculated salivary gland, midgut and C6/36 cells were washed three times with ice-cold PBS and lysed by a DIGE lysis buffer containing 7 M urea, 2 M thiourea, 4% CHAPS, and 30 mM Tris-HCl at 18 1C for 10 min. The tissues and cells were disrupted by ultrasonication 10 times for 3 s pulse on and 7 s pulse down at 20% amplitude. The resulting homogenates were then centrifuged for 60 min at 25,000g at 18 1C, and protein concentrations in the supernatants were quantified using the Ettan™ 2-D Quant Kit (GE Healthcare) according to the manufacturer's instruction. The above supernatants were collected and stored in single use aliquots at −80 1C until use.
CyDye labeling and 2D DIGE
The pH of protein samples were adjusted to 8.5. Protein samples (50 μg for each) of DENV-2 infected and 2% DMEM inoculated were labeled with 400 pmol of Cy3 or Cy5 and incubated on ice for 30 min in the dark. Internal standards were prepared by mixing virus-and mock-inoculated protein samples (25 μg for each), and were labeled with Cy2. The labeling reaction was quenched with 10 nM lysine solution by incubated on ice for 10 min in the dark. Then equal amounts of Cy3-, Cy5-and Cy2-labeled protein samples were pooled, and an equal volume of 2 Â sample buffer was added. The labeled proteins were loaded onto 24-cm pH 3-10 IPG strips. The first dimension electrophoresis or isoelectric focusing (IEF) was performed on the Ettan IPGphor System (GE Healthcare) with the following parameters: 30 V, 12 h; 100 V, 1 h; 500 V, 1 h; 1000 V, 1 h; 3000 V, 1 h; 8000 V, gradient 3 h; 8000 V, 50,000 Vh. After IEF, the strips were equilibrated for 15 min in an equilibration buffer (6 M urea, 50 mM Tris-HCl, pH 8.8, 30% (v/v) glycerol, 2% (w/v) sodium dodecyl sulfate (SDS), and 1% (w/v) DTT) and then another 15 min in the same equilibration buffer, in which 1% DTT was replaced by 2.5% iodoacetamide. Thereafter, the second dimension electrophoresis was performed by placing the strips on top of a 12.5% SDS-polyacrylamide gel electrophoresis (PAGE) gels in the Ettan DALT Six System (GE Healthcare) with the following parameters: 3 W/gel, 45 min; 17 W/gel, until the dye front reached the gel bottom. Fluorescent images of the Cy2, Cy3 and Cy5 of the gels were obtained by using a Typhoon Imager 9400 (GE Healthcare) at the excitation/emission wavelength of 488/520 nm, 532/580 nm, and 633/670 nm, respectively.
In-gel tryptic digestion
The differential protein spots were excised from the coomassie stained gels using the Ettan Spot picker (GE Healthcare), destained with 100 mM ammonium bicarbonate (NH 4 HCO 3 )/30% acetonitrile (ACN) and then washed with 100% ACN. For in-gel digestion, the gel pieces were incubated with 25 ng μL −1 trypsin in 50 mM NH 4 HCO 3 for 15 h at 37 1C. After digestion, the tryptic peptides were subsequently extracted twice with 100 μL of 0.1% TFA in 60% ACN and sonicated for 15 min, and the final extracted solutions were then concentrated by vacuum centrifugation to about 10 μL and purified using ZipTip C18 (Millipore, Bedford, MA). The peptide solutions were drawn up and down in the ZipTip C18 10 times and then washed 3 times with 10 μL of 0.1% TFA by drawing up and expelling the washing solution. The peptides were finally eluted with 1 μL 0.1% TFA/50% ACN.
Protein identification by MALDI-TOF/TOF mass spectrometry
The tryptic samples were mixed with an equal volume of a matrix solution [5 mg mL −1 α-cyano-4-hydroxycinnamic acid (CHCA) in 0.1% TFA/50% ACN] on the target plate and allowed to air dry. The samples were then analyzed by an ABI 4800 Proteomics Analyzer MALDI-TOF/TOF mass spectrometer (Applied Biosystems). Protein identification was performed by peptide mass fingerprinting (PMF) and data searching were performed through MS combined MS/MS model against the NCBInr database by Mascot software. MS spectra were acquired between m/z 800 and 4000.
Real-time RT-PCR
For the differential proteins without known mRNA sequence, we designed degenerate primers according to conserved amino acid sequence and conducted PCR amplification (Table S1 ). When the partial mRNA sequences were obtained, specific PCR primers were designed to conduct qRT-PCR analysis (Table S2) .
First, tissue distributions of differential proteins mRNA were conducted by qRT-PCR in Ae. albopictus. Three-to five-day-old adult female mosquitoes were collected and dissected in a drop of cold PBS. Brains, fat bodies, midguts, ovaries, malpighian tubes and salivary glands were dissected and washed three times with DEPCtreated PBS to remove contamination from hemolymph. C6/36 cells were sampled at 90% confluency. Total RNA was extracted from organs and cells using TRIzol reagent (Invitrogen, Carlsbad, CA) and cDNA was synthesized using the PrimeScript RT Reagent Kit (TaKaRa, Otsu Shiga, Japan) following the manufacturer's protocol. The plasmid standards were constructed by amplified and cloned the target fragments of differential proteins mRNA into pMD 18-T vector (TaKaRa). After quantification by ultraviolet (UV) Spectrophotometer (NanoDrop ND-1000; Thermo Fisher, Pittsburgh, PA), the recombinant plasmids were 10-fold serially diluted and stored at −20 1C. qRT-PCR was performed in the LightCycler480 Instrument (Roche, Basel, Switzerland) by using SYBR Premix Ex Taq Kit (TaKaRa). Ae. albopictus rpS7 (ribosomal protein 7) was used as an internal control for normalization of mRNA levels of differential proteins.
Then, we used qRT-PCR to analyze the fold changes in relative mRNA level of differential proteins in mosquitoes organs and C6/ 36 cells induced by DENV-2 infection. Three-to five-day-old adult female mosquitoes were inoculated intrathoracically by DENV-2 or 2% DMEM and dissected at 8, 20 and 30 days post-inoculation. C6/ 36 cells were sampled at 12, 24 and 48 h post-inoculation. Total RNA extraction, cDNA first-strand synthesis, plasmid standards construction and qRT-PCR followed the protocols described above. All experiments were performed three times independently and representative data are shown. Fold changes in relative mRNA level of differential proteins were determined by the 2 −ΔΔCt method (Livak and Schmittgen, 2001) .
Statistical comparison between time points were done by one-way analysis of variance (ANOVA) with Turkey's multiple comparison test.
